


ROCKETDYNE 
A DIVISION O F  NORTH AMERICAN ROCKWELL CORPORATION 
6 6 3 3  C A N O G A  A V E N U E .  C A N O G A  P A R K .  C A L I F O R N I A  9 1 3 0 4  

FABRICATION TECHNIQUES 

FOR 

SHROUllED TITANIUM IImLT.,ER 

Contract W8-20761 

h%3-233 76 

NO. OF PAGES REVlSlONS DATE .- 

PREPARED BY) 

DATE 

Rocketdyne ~ n ~ g e e r i n ~  

APPROVED BY 

FORM R 18-01 R N .  2-88 

REV. BY 

W . A. Anderson \ 
Advanced Technology Program 

PAGES AFFECTED REMARKS 



FOREWORD 

Rocketdyne, a Division of North American Rockwell Corporation 

has prepared this final report which documents the work per- 

fomed in fulfillment of the program "Fabrication Techniques 

for Shrouded Titanium Impellern during the period from 

29 June 1967 to 30 September 1969, This program is sponsored 

by the National Aeronautics and Space Administration under 

Contract NLIS8-20761, This work was performed by technical 

perssnrael from Turbomachinery and Advanced Systems Depart- 

ments of Rocketdyne Division and Los Angeles Division of 

North American Rockwell Corporation, Mr. C. Miller PISFC, 

N S A  was Technical Project ger for this program, 

This report describes the development of diffusion bonding 

technique for fabrication of shrouded titanium centrifugal 

impellers. Trial samples were used to develop the optimum 

procedure and two shrouded, titanium impellers were succesefully 

diffusion-bonded and finish-machined, Both of the impellers 

were also successfully spin-tested to demonstrate the feasibility 

of the diffusion bonding process for attaching shrouds on 

centrifugal impellere. 
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IMTRODUCTION AND SUMMARY 

Current oxygen/hydrogen engine development programs have emphasized the 

need for developing high speed centrifugal impellers for high pressure 

liquid hydrogen pumps. High speed, easily machined, open impellers are 

currently used and sensitivity of hydrodynamic performance and axial 

thrust to impeller blade clearance can be a problem. Shrouded impellers 

do not have this problem and thus have high hydrodynamic performance 

and stability in addition to good thermal characteristics for minimum 

chilldown. However, the shape, depth and curvature of the passages 

limit the machining of the impeller to those configurations where it is 

possible to reach with a cutting tool. For this reason machined shrouded 

impellers are limited to utilizing discharge angles higher than those 

used by open impellers. 

Therefore, under the sponsorship of Marshal Space Flight Center, NASA, 

a study was made to develop impeller fabrication techniques for bonding 

a shroud onto the impeller after the proper blade passage shape has been 

machined. To obtain the highest operating speeds, a high strength-to- 

density ratio, forged titanium alloy 581 - 2.5 Sn was used. 

During the study, titanium impeller shroud design, fabrication and bonding 

techniques were investigated to determine the most promising technique 

that will produce satisfactory joints in complex shapes. The diffusion 

bonding technique was selected. Two sample impellers were fabricated 

and bonded to develop procedures and verify the feasibility of the 

bonding approach. 

A shrouded impeller was designed. The head (46,100 ft), flow (9754 gpm), 

and speed (29,800 rpm) are the same as those for the Mark 29 fuel impeller 

for J-2S engine. The blade discharge angle was set at 37'  ark 29 is 60') 
and in order to develop the head the impeller OD is 12 in.  a ark 29 is 
11 l/2 in.). Components for two impellers were fabricated, tooling was 



constructed, the impellers were diffusion bonded, finish machined, and 

balanced and spun in a spin pit to 31,500 rpm for 2 minutes. The program 

demonstrated the complete feasibility of the diffusion bonding technique 

for fabricating high speed, shrouded impellers. Figure (a) is a photo- 

graph of a completed diffusion-bonded, shrouded titanium impeller. 

Figure (a). Diffusion Bonded Shrouded Titanium 
Centrifugal Impeller 

ix 



TASK I - DESIGN STUDY AND EVALUATION 

PRELIMINARY IMPELLER DESIGN 

A preliminary impeller design was established as a basis for the investi- 

gation and selection of the fabrication method. The major design 

parameters of the impeller are shown in Table 1 compared to the existing 

Mark 29 design. The new impeller diameter was increased to maintain the 

same head rise as the existing Mark 29 fuel impeller at the same rpm. 

The number of vanes was increaeed because the hydrodynamic loading is 

reduced as the blade discharge angle is decreased. 

Stress analysis was conducted on the following five configurations of 

the new design: 

(1) Constant vane thickness (0.230 inches) and constant ~hroud thickness 

(0.125 inches). 

(2) Thickened vanes (to 0.300 inch) and constant shroud thickness. 

(3) Tapered vanes (to 0.160 inch) and constant shroud thickness. 

(4)  Tapered vanes and reduced shroud thickness (0.090 inch). 

( 5 )  Tapered vanes and tapered shroud thickness (to 0.110 inch). 

Comparison of the results indicated that the vane stresses of configuration 

(5) were comparable to those in the existing Mark 29 impeller and superior 

to the other configurations, 

FABRICATION INVESTIGATION AND TECHNIQUE SELECTION 

Very little diffueion bonding or electron beam welding experience exists 

for fabricating complex impeller shapes. Table 2 lists and summariee~ 

the areas investigated during Task I. Based on this investigation, it 

appears that with sufficient development either process could be employed 

to fabricate satisfactory impellers. From the current investigation it 



PRELIMINARY BESIGN PARAMETERS 
OF 

IMPELLER COMPARED TO MARK 29 ISESIGN 

T i p  Diameter - inches 

Blade Discharge Angle 

Number of Vanes 

- long s p l i t t e r  

- shor t  s p l i t t e r  

Blade I n l e t  Angles 

- hub , degrsr~ 

- Mean,, degreaa 

- t i p  , degrees 
Vane Thickness - inches 0.25 constant  

9' See previous ~ 6 9 6  



Area  of I n v e s t i g a t i o n  - 

1,ayout 

Back Shroud 

TABLE 2 
Comparison of Shrouded I m p e l l e ~  Fabrication Methods 

Dif fus ion  Bonding Elec t ron  Beam Welding 

P r o f i l e  simple t o  de f ine  P ro f i l e  simple t o  def ine  

Complexity of vane layout  dependent on Permits  requi red  hydrodynaclically 
core  design. ( see  Fig. 1) prescr ibed  angles  wi th  conventional  

a) S o l i d  core w i l l  r equ i re  compromise 
layout  method 

of blade angles  t o  f a c i l i t a t e  prac- 
t i c a l  blade i n s e r t i o n  

b) Core s p l i t  a long s t reaml ines  permits  
hydrodynamically prescr ibed  angles  
wi th  conventional lay'out method, but  
may l i m i t  number of vanes 

Front  Shroud P r o f i l e  simple t o  de f ine  Shroud j o i n t s  a t  s e c t i o n s  between 
vanes d i f f i c u l t  t o  de f ine  f o r  
assembly with conventional  b lade  
layout  methods. ( see  Fig. 1 ) .  

Cores Defined by sane coordina tes  a s  blade and Not requi red  
shrouds (wit.h allowance f o r   hem-milling) 

D e t a i l  Drawings Approximately t h e  same number requi red  f o r  each method 



ardrodynanic Limitations 

Discharge Angle 

Vazes 

Pa r t i a l s  

TABLE 2 (~ont inued)  

Diffusion Sonding 

Sane f o r  Each Kethod 

( ~ e f e r  t o  vane under Design) 

Slectron 3 e ~ 2  !'Teldinf~ " 

Nwcber of f u l l  vases may be l imited Nunber of f u l l  vazcs ~czy be l imit62 
kg core design and nwber  of p a r t i a l  by machining consideration (dependeqt 
vanes used on height a t  i n l e t )  

Xmber of p a r t i a l  vanes ney be 
l imited by core design requirements 
and nfmber -. . of f u l l  vanes used 

Length of p a r t i a l  vazes m y  be l i c i t e d  
by ~ a c h i n i n g  consideration (dependegt ' 

on height t o  spacing r a t i o )  

Discharge Appears t o  have be t t e r  tolerance Front shroud f i t  up l imi t s  say r24e 
Blade Height control  f o r  impellers with very small tolerance control on small dischzrge 

discharge blade height blade height d i f f i c u l t  

Blade Height t o  Not l imited by machining considerations Liaited by m~chining c o s s i d e r ~ t i o n s  
Spacing Ratio (with cores s p l i t  along streamline) 
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was concluded tha t  s a t i s f ac to ry  development of the  diffusion bonding 

process would r e su l t  i n  a lower per-part cos t  on a production basis. 

It was a l so  concluded t h a t  the  probabi l i ty  of producing a s a t i s f a c t o q  

par t  on the  f i r s t  attempt with di f fus ion bonding is  somewkt lower t h m  

with e lect ron beam welding, Table 3 lists the  problem areas,  and advant- 

ages associated with d i f f w i o n  bonding and e lect ron beam welding of 

the  b p e l l e r .  Fig. 1 i l l u s t r a t e s  the  impeller jo in t s  requir ing bonding 

o r  welding, Baaed on the  ul t imately  lower per-part production cos t ,  

and the  somewhat simpler design and pre-bond fabr icat ion requirements, 

d i f fus ion bonding was se lected a s  the  method t o  develop f o r  manufacture 

of the  shrouded titanium impeller. 



TABLE 3 
ADVANTAGES AND PROBLm OF DIFFEMT FABRICATION METHQDS 

Diffusion Bonding Elect ron Bean Welding 

fioblem Areas 1 )  A p p l i ~ a t i  on of waif orm p r e s s w e  on 1) Layout of f r o n t  shroud weld j o i n t s  
shrouds and vanes during bonding 

2) Fabr ica t ion and f i t u p  of f r o n t  
2 )  Core design r e q u i r m e n t s  m q  limit shroud sec t ions  

m b e r  of vanes p r a c l i c a l  
3) Accurate t racking of f r o n t  shroud 

weld j o i n t s  

1) Lower pre-part co s t  on a ,semi- 
pm due t i o n  b a s i s  

2 )  May b e  more p r a c t i c a l  f o r  very 
sma l l  discharge blade he i  ght s 

4) Cutter  L/D l i m i t a t i o n s  

1) Probabi l i ty  of fzbr ica t i rp ,  satis- 
fac to ry  p a r t  on first t r a i l  h igher  

2 )  Repair of u n s s t i s f a c t o r y  j o i n t s  
poss ib le  



DIFFUSION BONDED IMPELLER JOINT 

Titanium Back Shroud 

Ti t z n i u z  FrcnL Titanium Vane 

ShrouC 
Di f f ~ s i n n  
Scndei J c i n t ~  

S t ee l  Sore  

ELECTRON B W  ED IWELLER JOTNT 

Titanium Back SthrouZ 
and Vam System 



DETAIL DESIGN $NIB TECBNIQUE BEVEWPmNT 

Upon completion of t h e  p r e l b i n a q  des ign  and technique s e l e c t i o n ,  a d e t a i l  

des iga  i n v e s t i g a t i o n  of t he  impel le r  f o r  t h e  d i f f u s i o n  bonding p roces s  

was i n i t i a t e d  t o  f o m a l i z e  t h e  f i n a l  desig71, 

h r i n g  $he d i f f u s i o n  bonding process  t h e  s t e e l  co re s  must r e t a i n  t h e i r  

shape and p o s i t i o n  i f  t h e  completed p a r t  i s  t o  maintain des ign  dimensions. 

I n v e s t i g a t i o n  i n d i c a t e s  t h a t  c i r cumfe ren t i a l  co re  s p l i t  l i n e s  w i th in  t h e  

impe l l e r  passage w i l l  permit core m i s a l i w e n t  and/or deformation dur ing  

t h e  bonding process  and thus  may produce w d e s i r a b l e  flow obs t ruc t ions ,  

An a l t e r n a t e  p o s s i b i l i t y  i s  t o  use  a s o l i d  core ;  however, t h i s  l i m i t s  t h e  

blade angle  eonf i@ra%ion t h a t  can be employed. b o t h e r  s o l u t i o n  i s  t o  

l i m i t  t h e  n w b e r  of p a r t i a l  vanes and s p l i t  t h e  remaining p a r t i a l  vaned 

co res  a long  a s t r e m l i n e ,  t e m i n a t i n g  a t  t h e  i n l e t  and o u t l e t  of t h e  

impel le r ,  This permi ts  freedom of b lade  ang le  con f igu ra t ion  and provides  

f u l l  l eng th  co re s  which can be locked a t  t h e  i n l e t  and d ischarge  of t h e  

impel le r ,  The l a t t e r  approach was i n v e s t i g a t e d  t o  e s t a b l i s h  t h e  m i n i n u  

number of b lades  t h a t  would be needed t o  s a t i s f y  s t s u c t u r a l  requirements ,  

hydrodynmic requirements ,  and minimum p r a c t i c a l  co re  t h i c h e s s  a t  impe l l e r  

i n l e t .  It was d e t e m i n e d  from a l ayou t  of t h e  impe l l e r  eye a r e a  t h a t  

e i t h e r  a 6 ful l  p l u s  6 p a r t i a l  vane impe l l e r  o r  a 7 f u l l  p l u s  7 p a r t i a l  

vane impe l l e r  would be acceptab le  from a co re  f a b r i c a t i o n  s tandpoin t .  

Layouts were made of two impe l l e r s  each having 7 f u l l  and 7 p a r t i a l  vanes,  

with t h e  d i f f e r e n c e  being i n  t he  vane skew angle  a t  t h e  impe l l e r  d i scharge ,  

One impe l l e r  had t h e  vanes normal t o  t h e  shrouds ( ~ i ~ .  2 )  and t h e  o t h e r  

had a skew angle  of 4% degrees with t h e  shrouds a t  t h e  d ischarge  (F ig ,  3 ) ,  





Figure 2 ,  Impeller 1,ag~ou.t 
7 F u l l  + 7 Partial Vanes - No bkew 



F-re 3 ,  Impeller k y a t  

7 F u l l  + 7 P a d i d  i i ~ ~ e z -  1;;3 Ske;: 



A s t r e s s  anolyeia waa conducted on the following two configurations 

of the 7+7 vane impellers: 

7c7 Vane with Axial Discharge: 

(1 )  Tapered vanee ( t o  0.160 inch) and tapered shrouds ( t o  0.110 inch).  

(2)  Tapered vanes ( l oca l  taper  from 0.320 t o  0.220 inch a t  3.60 t o  

4.15 inch mean vane radius) constant shroud thickness. 

( 3 )  Tapered vanes ( t o  0.220) and constrant  shroud thicknese. 

7+7 with Skewed Discharge: 

(1) Tapered vanes ( t o  0.160 inch) and tapered shrouds ( t o  0.110 inch). 

The following conclusions were mads from a comparison of the  vane 

configurations walyzed: 

(1)  It i s  desi rable  to  taper the  vane with the vane thickness decreasing 

from the  backplate t o  the  shroud. A vane of constant thickness i f  more 

highly s t ressed a t  the  backplate than a t  the  shroud s ince  the  centr i fugal  

weight of both the vane and the  shroud is  imposing load a t  the  backplate. 

Tapering the  vane decreases t h e - s t r e s s  a t  the backplate by reducing the  

vane centr i fugal  weight and r e s u l t s  i n  equi l iz ing the s t r e s s e s  at the  

backplate and shroud junctions of the vans. 

(2) Loner vane s t r e s se s  r e su l t  from reducing the  centr i fugal  weight of 

the  shroud by decreasing the  shroud thickness. The shroud thickness must 

be su f f i c i en t  t o  support the  moment a t  the vane-shroud junction and t o  

support the pressure d i f f e r en t i a l  across the  shroud. Since t he  pressure 

d i f f e r en t i a l  across the  shroud increases with decreasing shroud radius,  

an optimum shroud is  thicker  a t  the  I.D. than a t  the 0.1). 

(3) A vane which i s  skewed t o  45 degreee a t  the discharge is  lower 

s t ressed  than a efmilar  vane which is ax ia l  a t  the discharge. The skewed 

s m e  of fe rs  P more nearly rad ia l  vane element between the  backplate and 

shroud which is  more effect ive  i n  supporting the centrifugual weight of 

the  shroud. 



(4 )  Thicknening the vane locally along the vane wrap length has little 

effect on the stresses in the remainder of the vane. Local thickening 

may result from designing the vane only as thick as required along its 

length, This is desirable from a backplate burst speed consideration= 

Based on stress considerations the 71-7 vane impeller with 45 degrees 

skewed and tapered vane configuration was recommended for the final 

design. erelidnary analysis of the impeller backplate indicates the 

backplate is structurally adequate for operation at 31,000 rpm with -200 

degrees F material properties for all of the vane configurations considered. 

.A hydrodynamic analysis was conducted on the 7+7 vane impeller with 

45 degree skewed vanes (Fig, 3) to determine the pressure differences 

across the vane, relative flow velocities, and head rise. The inlet 

blade angles and the impeller shroud profiles are identical to those of 

the Hark 29 fuel pump. Figure 4 shows the predicted3p across the vane 

vs distance in the meridional plane near the front shroud, meanline, 

and rear shroud, Figures 5 and 6 show the blade relative velocities 

vs distance in the meridional plane near the front shroud meanline and 

rear shroud. The impeller head will be 1 ot 2 percent lower than the 

Mark 29 impeller, Due to the lower impeller head coefficient, the 

impeller discharge velocity is lower at a given head rise than with 

the Mark 29 impeller. This results in less required diffusion, which 

should make up for the slight reduction in impeller head rise. 

Based on core design considerations, and both hydrodynamic and stress 

analysis, the 7 full plus 7 partial vane impeller with 45 degree skewed 

vanes (Fig. 3) was selected as the final configuration for fabrication. 

A detailed assembly drawing was made and is shown in Figure 7. The 

front shroud, back shroud vanes and cores are fabricated as matched 

assemblies to minimize required tolerances and thus reduce the amount 





16, Figure 5 



Figure 6 
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of t i t a n i m  tha t  must be moved during the bonding cycle. An allowance 

of 0,040 inch has been added t o  a l l  passage surfaces t o  permit removal, 

by chemical-milling, of the  in te rac t ion  layer  formed during the  bonding 

pf'OCeSSr 

. A titanium a l loy  forging was procured t o  

be used f o r  t r i a l  d i f fus ion bonding runs, Samples t o  be bonded were 

used Lo s i m d a t e  and attempt t o  solve problem areas  envisioned during 

fabr ica t ion  of the  ac tua l  impeller. For example, the  inner  and ou te r  

~ h r o u d  contour, vane taper  and f i l l e t i n g  were simulated t o  determine 

conditions necessasy t o  produce a sa t i s fac tory  bond. 

E t  was believed t ha t  the quickest approach toward achieving a d i f fus ion  

bonded impeller was t o  attempt fabr icat ion of simulated, s impl i f ied 

impeller using ex i s t ing  material ,  processing, and t oo l  concepts. Modi- 

f i c a t i ons  t o  t he  foregoing concepts were predicated upon the  r e s u l t s  

obtained i n  these t r i a l s ,  

b e  t o  the l imi ted s i z e  and shape of the  avai lable  forging, i t  was 

impractical t o  achieve t he  desired impeller eye opening of 1.25 inch. 

A. compromise c o n f i w a t i o n  shown i n  Figs. 8 and 9 ,  provided f o r  t h e  

f o l l odng :  

Simulated inner shroud curved surface 

S b u l a t e d  outer shroud curved surface 

Four ilapeller vanes spaced a t  90 degrees 

Use of 3,5 inch I.D, 17-4 PH r e s t r a ine r  t o  hold t o t a l  tool-part 

assemblage. 

Ver t ical  and semi-horizontal bond jo in t s  

Desired f ron t  and r ea r  jo in t  r a d i i  

Simple geometry permits ready determination of volumes and var ious  

pre-bond and post bond measurements. 

Variations of in te rna l  tool ing 

The e f f ec t s  studied i n  bonding the  above simulated impeller were: 

(1) D i e  fill, f l a sh  and f i l l e t  fo-tion 

19. 



(2) Completene8a of bonding 

( 3) Tooling behavior and dimensional changes 

(4) Volme and configuration control 

(5) Tool removal ef f ectivenese 

(6) M.echemaica1 and metallurgical 

(7) Effect of core splitting 

The titanium and tooling details were fabricated for two impellers 

ae shown in Fig. 8. and Fig, 9. The dimensions were taken and volumes calculated 

for all tool and titanium details. Sufficient volume of titanium waa 

provided for complete die fill. One impeller was bonded using parameters 

odlined above. The as-bonded impeller was externally and dimensionally 

profiled with steel core reaning inside. The as-bonded impeller 

billet was X-rayed in several views to ascertain and locate possible 

non-fill voids or tool displacement anomolies. 

The as-bonded billet was then cut into two halves along the major 

diameter to expose the dimensional profile including two of the 

impeller vanes. Dimensions were taken of the part and tool profiles, 

The two cut halves were acid leached to remove remaining core filler metal. 

X-rays of halves were taken and joint surfaces were visually examined 

for filleting and surface condition. Dye penetrant was applied to 

disclose possible bond line condition. The remaining impeller halves 

were then sectioned for removal of appropriate mechanical test 

specimens. 





F i ~ r e  9 ,  SLeel Core foi. Trial Sample 



Three simdated impellers were fabricated and one impeller sample was 

bonded. Figures lOthru14 are a sequence of photographs showing the 

sample in various stages of assembly-type bonding. 'igure 10 shows 

the simulated impeller front and back shrouds, and vanes. Figure 11 

shows the impeller assembly with lower pressure plate, outer shroud, 

vanes and cores. The back shroud has been omitted to show the fillet 

that must be filled during the bonding process, Figure 12 shows the 

cores, upper and lower pressure plates and the outer restraining tooling. 

Figure 13b shows the impeller and tooling assembly prior to installation 

in the retort. Figure 14 shows the completed assembly in the retort 

ready for the bonding cycle. 

The first smple was bonded for 16 hours at a temperature between 

1700 to 1800 degrees F and at pressures that varied between 2000 to 

4000 psi. Fiares 15 and 16 show the sample after removal from the 

retort and restrainer tooling. A force of 280,000 pounds was required 

to remove the sample from the restrainer tooling, due to bonding of 

4340 steel cores to the 17-4 PH outer restrainer. As can be seen from 

the photographs, this caused a slight separation of the-tooling and 

sear shroud. 



Figure 10a 

F i e r e  1063. and 10b, Simulated P m n e l l s ~  - T r i a l  Smpla 
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-- 

Figure lla 

Figure llb 

Figure lla and llb. Simulated Impeller - Assembly with Cores and Lower 
Pressure Plate (~ithout Back Shroud) 
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Fig, 12 a, Assembly with Back Shroud and Lower Pressure P l a t e ,  and Cores 

Fig, 12b, Cbres, Pressure ,P la tes ,  and Outer Containment Tooling 

Fi 12 . Simulated Impel le r  Aasernblies 
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Figure 13a. Assembly X5.thout Upper Pressure ?lato 

Figure 13b.Assembly Xl th  Upper Pressure Plate 

P i g r e  13, Simulated Impeller Assembly 



Figure 14. Complete S i m ~ l a t e d  Impeller Assembly 

 rend.^ f o r  Bonding 



Figure  15, Tes t  Sample A f t e r  Removal From R e s t r a i n e r  Tooling 



Figure16,  Test Sample A f t e r  Removal From Rest ra iner  Too l ing  
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Detail inspection indicated the interaction layer between the cores and 

impeller to be less than 0.010 inch thick, It was also noted that 

complete forming of the fillets at the impeller discharge did not 

occur at all joints. F i w e s  17, 18, and 19 are different views of the 

impeller subsequent to a light machine cut for surface clean up. 

Figures 20(a) and 20(b) show the sample after leaching of the cores 

and initial chem-milling to rerove the interaction layer. As can 

be seen from Fig, 20(a), a complete formation of the fillets did 

mot occur on the vwes in the impeller passages, Investigation 

indicated %bat this was attributable to growth and yielding of the 

outer restrainer tooling and/or incorrect length of time and pressure 

at the bondhg temperature. Examination of the fillet area at the 

impeller eye mder a magnification of 250 (see Fig. 21) indicated 

that a slight notch of 0.004 inch existed after initial chem-milling. 

Lines existing on Figure 21 are scratches on the specimen. Additional 

chem-milling was perfomed on the part to remove a total of 0.020 inch 

of material a d  thus eliminate the notched area. Figure 22(a) and 

22(b) show the inner and outer fillet at the impeller eye at a 

mgnification of 40 after total material removal of 0.020 inch on 

each surface, Figure 23(a) and 23(b) show the grain structure of 

the titanium material before and after bonding at a magnification of 

250X. As can be seen, groin growth occurred during the bonding process. 

bfrouat titmiurn  alloy^, as received, have variations in properties. 

The diffusion bonding cycle produces a fully anealed structure with 

more urnifom properties. 



Figure 17. Test Sample After Clean Up Machining - I n l e t  Eye View 



Figure a%), Test Sample After Clean Up Machining - Rear Shroud View 
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Figure 19, Test Sample After  Clean Up Machining - Eye and Discharge View 



F i e e  20 (a). Eye View 

Figure 28 (b). Side View 

Figure 20, Test Sample After Core Removal 



F i p r e  21, Typical notch a t  eye vane f i l l e t  on f i r s t  trial sample. 
Magnification 250 x - Notch .OOh inch deep. 



Figure 22 (b) 

Vane F i l l e t  a t  Outer Shroud - LOX 

Figure 2 2 ( 4  

Vane F i l l e t  at Inner Shroud - LOX 

Figure 22 . Photographs of Vane F i l l e t s  a t  Impeller Eye on First  Trial 
Sample After Chem-milling of 0.020 Inch ( ~ a ~ n i f i o a t i o n  LOX) 
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Fig. 23,. Before Bonding or as Received 

Fig. 2311 After Bonding 

Figure 23. Photographs of F i r s t  Sam l e  Grdn Structure Befare and After 
Bonding. Alloy Ti 5AL - $ .5 Sn Forging. Magnif i eat ion  250X. 
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Pieres 24 to 26 are photographs of the first ample impeller after 

final chem-milling, A total of 0.020 inch of material per surface 

was removed by chem-milling from the first test sample. Dye penetrant 

inspection of the bond joints after final chem-milling indicated 

that a localized crock about 1/32 inch deep existed at the edge of 

the impeller discharge vane fillets, 

A second trial impeller was fabricated which was identical to the 

first smple, The sample was bonded using new restrainer tooling 

deaieed to minimize radial growth during the bonding cycle. The 

new restrainer consists of an inner cylindrical stainless steel 

l i n e r  1/44 inch thick, an intermediate ceraic cylinder 6 inches in 

tbichess, and an outer retainer of 4340 steel about 3/4 inch thick, 

The ceramic and outer steel restrainer are split to prevent d m g e  

t o  the cermic during assembly and disassembly. A castable massrock 

material was used for t h e  ceramic restrainer, This material has low 

coefficients of themal expansion and heat transfer, 

Pierce 2'7 through 32 are a series of photographs showing the sample 
in various stages of assembly and disassembly before and after the 

bonding cycle. %he second sanple was bonded at a temperature 

between 1600 and 1700 degrees P for a period of 16 hours with 

constant pressure of 2000 psi. It should be noted that the cracks 

in the ceramic restrainer shorn in Fig. 32 are curing cracks and 

were present before bondhg, 

Inspection of the second trial sample indicated that complete 

fornation of the fillets did not occur because the impeller 

assembly was not completely seated in the toolhg prior to the 

heating cycle, A new retort and restrainer was fabricated and the 

impeller was repressed in an attempt to complete fillet fomtion, 

To insure proper seating during repressing the assembly was placed 

under an initial pressure of 500Q psi& m d  heated at a pressure of 

2800 psi to assure seating of all parts, 



Figure 24. First Trial Sample After Find Chem-Milling - Eye Discharge View 
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Figure 25, F i r s t  T r i a l  Sample After  F ina l  Chem-Milling - Eye View 
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Figure 26, First Trial Sample After Chern-Milling - Discharge View 
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Fig. 27a. Impeller Assembly Outside of Retainer 

Fig. 27b, Impeller Assembly i n  Retainer 

Figure 27, Third T r i a l  Sample - P a r t i a l  Assembly Pr ior  t o  Bonding 



Fig. 2 b .  Assembly With Retort Cover Removed 

Fig. 28b. Assembly With Retort Cover i n  Place 

Figure 28, Third T r i a l  Sample - Prior t o  Welding Retort 
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Fig 29a. Restrainer Without S t e e l  Shims 

Fig. 29b. Restrainer With S tee l  Shims i n  Place 

Figure 29. Third T r i a l  Sample Restrainer Tooling 



Fig. joa, Retor t  Assembly Removed From Res t ra ine r  

Fig. yObe Retor t  Assembly i n  Res t ra iner  

F igure  30, Third T r i a l  Sample - R e t o r t  Assembly and Res t r a ine r  Tooling 



Fig. 314. R e t o r t  Assembly i n  R e s t r a i n e r  

Fig. 3ab, R e t o r t  Assembly Removed from 
R e s t r a i n e r  

Figure 31. Third T r i a l  Sample A f t e r  Bonding 
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Figure 32, Close-Up View of Ceramic Res t ra iner  - After t h e  
Bonding Cycle 



The second simulated impeller smple after repressing is shorn in Fig, 33 
after complete removd of the cores, but prior to chem-milling. As can 

be seen, complete fomtion of the fillets did not occur in locations 

where the vanes intersected the shrouds at kua acute angle, 

Based on the two trial impellers bonded it was concluded that complete 

fillet fornation did not occur because of friction between the core 

material and the titaniu. The extent of filling a fillet foranation 

appears to be largely a function of hardware geometn. B mhfmum of 

filletiw occurred in areas where the vanes made acute angles with the 

shrouds; however, almost complete filleting occurred where the vanes 

famed obkuse angles with the shrouds, 

It has been found that some titanim alloys have sn optimum temperature 

at which the material becomes most plastic and is thus more optimm for 

bonding, This temperature may also be si@;nificantly lower than the 

beta transition point, which must be avoided if material propertiee 

are to be maintained. As this infomation was not available on the 

particular alloy being used, it was decided to determine the best 

bonding temperature by performing tests on samples, Stamples and 

tooling were fabricated and Figures 34 through 39 are a series of 

photographs showing one of these test specimens in various stages of 

assembly, 

The first specimen was cycled under co~ditions identical to that of 

the first impellertest smple. These conditions were selected as a 

basis for comparison, Figtbre 38 shows the ~ s a t s  of the test in the 

first specimen, It can be seen that the steel die deformed and 

complete f i l l i ~  of the large gap did not occur mder the bonding 

conditions employed, The second specimen was pressed at approximtely 

1650'~ with a pressure of 2000 psi for 16 hours, As shorn in Figures 39 

and 40, very little filleting occured. Figure 39 shows a smdl ds- 
fomtion of the steel core material. The third specimen was pressed 



Figure 33. Second Simulated Impeller After Removal of 
H-11 Tool Stee l  Cores 











38a. View Cor.~parj.ng Secti0ne.d 
P a r t  After P r e s s i n g  and 
New Tool ing  

38b, C l o s e - ~ p  View Sho~ij-rig Tool.ing 
and T i  t a . n i w  Def orrcation 

F i g u r e  38. S e c t i o n e d  View of First ?/8 i n c h  T e s t  Specimen After  
Siniula ted Rondir~g Cycle  
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Figure 39, Assembled. View of Second Test Specimen, 



F i g u r e  40. Disassembled View of  Second Test Specimen. 



at approximately 1850'~ for 16 hours. 

Fram these tests, F i m e  41, it was concluded that using the highest 

temperature possible without exceeding the beta transition tempera- 

ture and employing moderate pressures (2000 psi) appear to give the 

most satisfactory results when bonding titanium, 

As a resfit of the Bsts to deternine the optimum bonding conditions, the 

following bonding conditionswere selected for the final simulated 

bpellsr smpPe, 

TDLE 4 

BONDING P 

Temperature, deg. P 1850 

Bsessing time, homs 16 

Pressure, psi (on end glate) 2000 psia 

F i e r e  42 and 46 show the final simulated impeller sample in various 

stages of assembly prior to bonding, Two cores were split to simulate 

the effect of core shifting or deformation in passage geometry. The 

confimration of the split cores is shom in Figures 43 and 44. As 

shom in Fig. 45, titanium filler wires were placed in fillet voids 

where the vanes formed acute angles with the shrouds. 

The cermic restrainer employed for the previous ample was also used 

for the final sample. Figures 46 and 47 show the final sample inlet 

and discharge area after bonding and tooling removal, but prior to 

core removal, As can be observed, complete filleting occurred at both 

the iaet and discharge areas of the simulated impeller sample. 
U 

Ixamination of Fig, 47 shows that shifting occurred on one of the - 
split cores. F f ~ r e s  48 through 50 ahow the final simuated impeller 

smple after core removal, but prior to chem-milling. Examinati~n 

of these figures shows that complete fillet fopmation has occurred. 

Figure 50 shows lines in the fillet area where a wire was employed 

to fill the void during lay gg. Theae lines disappeared after chem- 

milling .O%Q of an inch material from all sudaces and thus do not 



Bonding Material Titanium 

( a )  Die Material 4340 

Bonding Material 

(b) Die k t e r i a l  
Titanium 

4340 

Bonding Material Titanium 

( c )  Die Material H-1 1 

Figure 4i. Pias t i c i ty  % s t  Specimens 
5 3 .  



F i w  42, Final Simulated Impeller Sainple Showing 
Vanes and Shrouds 



Figure 43. Final Simulated Impeller Sample Showing 
Complete Bond Assembly Before Lay Up 



Figure 44. Final Simulated Impeller Sample Sho 
' 

Partial Lay Up of Pre-hnd Assembly 



Figure 45. Final Simulated Impeller Sample Showing 
Titanium W k  Inser ted in F i l l e t  Voids 
Where Vanes Form Acute Angles w i t h  
Shrouds 



F i g ~ r e q 6 ~ .  Final  Simulated Impeller Sample Showing 
Pre-Bond Assembly After LaJT Up Pr io r  t o  
Welding of Retort  



Figurs 46b .Final Simulated Impeller Sample Showing 
Inlet Area After Bonding and Tooling 
Removal 
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Figure 47. Final Simulated Impeller Sample Showing 
Discharge Area After Bonding and Tooling 
Removal 



Figure 48. Final Simulated Impeller Sample Showing In le t  
Area After Removal of 4340 Steel  Come 



Fi 49. Final Simulated Impeller Sample Sho 
and Discharge Area After Core Removal 



Fi 50. Final Simulated Impeller Sample Showing Close Up 
of  Discharge Area After Core Removal 



represent cracks of any significant depth. Figures 51 and 52 show the 

final simdated impeller after chem-milling .020 of an inch of material 

from allarfaces, In Fig. 53, 0,040 of an inch of material has been 

removed from all surfaces, 

Photo-micrographs and tensile specimens were taken from the final 

simuated impeller because it was representative of the conditions under 

which the full scale impellers will be bonded. Figs. 54 and 54(b) show 

photo-micrographs of the bond area at magnifications of 50X and 25011, 

respectively. As may be ~bserved, no indication of the bond joint 

is visible, although considerable grain growth has occured. Fig. 55 (a) 
shows a photo-dchrograph of the non-bonded area at a magnification of 

25C)X. In comparing Figs. 54(b) and 55 (a), no significant differences 

are noted between bonded and noncSonded areas. The photo-micrographs 

shorn were %ahten of specimens from the impeller inlet. 

P i w e  55 (b) shows three tensile specimens taken from the impeller 

inlet, These specimens were stressed in tension to failure with the 

following resuts : 

Ultimate Ultimate Elongation 

2 762 122.5 15 

3 845 124.3 15 

4 567 122.1 10 

The values of ultimate strength and elongation are typical for titanium 

alloy at room temperature. As can be seen from Fig. 55 (b), failure 

occurred well below the fillet area. 

Figure 56 shows similar views sf the three simulated impeller samples 

for comparison, The first and third samples bonded have 0.040 of an 

inch material =moved by chem-milling from all surfaces, while the 

second sample bonded is shown with 0.020 of an inch of material removed, 



Figure  51. F i n d  Simulated Impel le r  Showing Discharge Area 
A f t e r  Removing 0.020 of an Inch of Ma.teria1 From 
A l l  S u r f  aces by Chem-Milling . 



Figure  52. F i n a l  S imula ted  I m p e l l e r  Showing I n l e t  Area 
A f t e r  Chem-Milling 0.020 of an Inch M a t e r i a l  
From A l l  S u r f a c e s .  



Figure 53. Final  Simulated Impeller Shawing I n l e t  Areas After  Chem-Milling 
0.040 of an Inch f.?aterial Prom A l l  Surfaces, 



Figure  54a. Phot,o-Nicrograph of Zonded Area. SOX 

Figu re  54b. Photo-PEcrogra?h of Bonded Area, 250X 



Figure 55a. Photo-Micro~i-mh of Non-Bond Area. 250X 

Figure  55b. Tensile Specimens Taken From Simulated 
Impeller I n l e t  Area 
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It can be obsepved from Fig. 19 that the fillets in the final sample are 

considerably larger than in the first sample. The radius of the fillet 

is increased during the ehem-milling process. 

Based on the successfd results of the final simulated impeller sample, 

drawings of the full size impeller pre-bond assembly were released for 

fabrication. Design of the ceramic restrainer tooling for the full 

size impeller assembly was also made and is shown in Fig. 57. 

%aK 11 - FABRICATION OF TWO DIFFUSION BONDED IMPELLERS 

Fabrication of the titmiurn impeller components was accomplished using 

conventional machining methods and the impeller components are shown 

in the accompanying photographs. Figure 58 shows a full set of impeller 

vanes (seven full vanes and seven partial vanes). Fig. 59 shows the 

finish machined impeller hub and vane shroud& Fig. 60 shows the cores 

which are used to position and support the vane elements during bonding 

and Fig. 61 is a view of a complete set of impeller components ready for 

the bond sequence. 

The ~eramic restrainer (Fig. 57) was fabricated from fushed silica ceramic. 

Holes were cast in the die for accommodating nichrome heater wires. A 

heavy steel split clamping ring was fabricated for restraining the ceramic 

die as a bolted assembly. 

A thermal trial of the die was made using a d load of steel instrumented 

with thermocouples in the die cavity to simulate the impeller and retort 

aseembly. The steel load was brought to a temperature of 1 7 0 0 ~ ~ ~ .  An 

initial power level of 13 Kkl was employed with a final controlling level 

of 3.5-5 IIW required to mintain temperature, The maximum temperature 

dif f eresce throuaout %he d load after stabilizing at 1 7 0 0 ~ ~  was 

+ - 10O~. 









Figure 58. Fu l l  Set  of Vanes 

( p a r t i a l  and Fu l l )  

Figure 59. Impeller Hub and Shroud 

Figure 60. Impeller Cores 



Figure 61. Impe l l e r  Components Ready f o r  Bonding 



The layup of the impellers in preparation for bonding is shown in the 

accompanying gho tographs . Figure 62 shows the partially assembled 
steel cores which are used to position and support the impeller vanes 

during the bonding process. Fig. 63 illustrates the assembly of the 

full length impeller vanes into the core assembly. Two vanes are shown 

installed and a third vane ready for installation. Fig. 64 is a view 

from the back side of the impeller showing all of the full length 

vanes installed in the core assembly. Fig. 65 shows the installation 

of the partial vanes and Fig. 66 is a back view of the complete core 

assembly with all of the vanes in place, 

Figuse 67 shows the prebond layup of the complete impeller assembly, 

which includes the front impeller shroud; the core assembly, which 

includes the impeller vanes; and the impeller backplate and shaft, 

Fig. 68 is anoghter view of the preboad layup of the complete impeller 

assembly showing the core locks (the two rings with the screw heads 

showing) which hold the vanes and cores together to form the core 

assembly. The fit between the vanes and steel cores of both impellers 

was such that gaps up to 0.030 inch were present. To compensate for this, 

shims of titanium sheet were used to fill the gaps during assembly. 

The arrangement of the various components for bonding of the impellers 

is shown in the sketch of Fig. 69. components surrounding the 

impeller assembly, as shown in Fig. 70, consisted of a base, sleeve and 

load cap. The load plate was cast and machined from Esco alloy 58 which 

has superior high temperature strength. This materialwas selected to 

prevent yielding under load which could create interference with the 

steel sleeve. The retort was fabricated from type 321 stainless steel 

because of its proven reliability as a high temperature diffusion bonding 

vacuunn retort system, 
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m e  bpeller details a d  tooljing were assembled in the retort ( ~ i ~ ,  71). 

The retort assembly was placed in the ceramic die and positioned in a 

bdradic press, as shorn in Fig, 72, %he retort was evacuated with a 

4-inch dimeter high vacum oil diffusion pump coupled to a mechanic& 

rowhing pup, Themocouples were positioned at the top, bottom, and 

opposite sides (midway) of the retort and in extra holes provided in the 

ceraic die, 

The upper and lower ceramic plates were also heated in order to minimize 

heatup time and to reduce heat losses from the retort assembly, m e  bond- 

i n g  parmeters used are given in Table 4 but the bonding time was reduced 
to 8 hows, During bonding of the first impeller, a heating element in 

one quadrat sf the heater circuit burned out due to spalling at the base 

of the csrmic die, However, sufficient heating surface area was available 

$0 continue the bond cycle without detrimental results although the bond- 

ing Load was reduced to prevent further spalling of the die, No problems 

were experienced with the second impeller bond cycle. The same external 

tooling was used for both impellers and required only minor rework to 

tme-up dimensions for the second run, The spalling in the ceramic die 

was repaired with fushed silica cement and the heater circuit was rewired 

for the second m, 

Each of the bonded impellers was carefully inspected to insure uniformity 

in the shroud, The outer portion of the steel core locks were machined 

away so as to expose the discharge vanes, as shown in Fig, 73. This provided 

a mems of partially inspecting the bonding and filleting of the vanes to 

the shroud apld impeller body. The satisfactory appearance of the discharge 

vmes provided the basis for proceeding to remove the remainder of the 

steel cores by acid leaching. 

Leaching of the steel cores from the bonded impellers was accomplished 

in a hot solution of nitric acid, The highest leaching rate was observed 

at temperaturas of about 210-220'~. One of the as-leached hpellers is 

shorn in Pig, 74, 
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Each of the two impellers was chemically milled to remove 0.040 inch from 

each surface. A rotating fixture with a variable speed drive was used to 

slowly turn each impeller in the chemical milling solution. The direction 

of rotation allowed solution to enter the inlet side of the impeller m d  

to flow out the discharge side. Progress of the titanium removal was 

monitored by periodic measurements of inlet and outlet vane thickness 

and the distance between %he shroud and impeller body at the inlet and 

outlet vanes. Mter chemical milling, the impellers were cleaned by 

pickling, A chemically milled impeller is shown in Fig. 75. 

T a K  III - mELLEB SPIN TEST 

Nan-distructive static and dynamic spin tests were conducted on each of 

the two hgellers to verify their structural integrity. 

Following the chemical milling operation the impellers were visually 

and dye penetrant inspected. The units then finish machined. Following 

machining the impellers were balanced to within 2.0 gm -in by running 

material at two correction planes. Impellers were then installed in 

the spin fixture and rebalanced to 2.0 gm in., correcting on the 

fixture only. 

After balincing the impellers were installed in a spin pit and success- 

fully spun at 31,000 rpm for two minutes. These tests demonstrated the 

feasibility of this method of fabrication. A completed impeller is 

shorn in Fig. 76, 







CONCLUSION 

The highly successful results obtained in this program have definitely 

established the feasibility of utilizing the diffusion bonding technique 

of fabricate high-tip speed, shrouded impellers with titanium and with blade 

angles optimized for hydrodynamic perfomnce instead of by the machining 

process. This new technology may have applications in the high pressure 

liquid hydrogen pumps required by high performance engines in the space 

shuttle vehicle. Thus, it is important to continue the development of this 

new fabrication technique and to demonstrzte the structurcl and hydrodynamic 

performance of the two titanium impellers already fabricated by the diffusion 

bonding process. 

To take advantage of the significant technical accomplishments achieved 

during this program, it is recommended that additional effort be under- 

taken tot a) further evaluate the diffusion bonding process by testing 

the two impellers s true turally and hydrodynamically, b) explore the 

economics of this method of impeller fabrication for low cost, and 

c) investigate other applications of the process where it might 

advantageously be utilized to decrease cost or increase reliability 

of performance. 
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the  optimum procedure and two shrouded titanium impellers were successfully 
diffusion-bonded and finish-machined, Both of the impellers were also successful ly  
spin-tested t o  demonstrate t h e  f e a s i b i l i t y  of the  d i f fus ion  bonding process f o r  
at taching shrouds on centr i fugal  impellers. 
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